With increasing periods of time following ovulation, the metaphase II (MII)-stage oocyte experiences overproduction of reactive oxygen species and elevated levels of lipid peroxidation that are implicitly linked with functional deficiencies acquired during postovulatory oocyte aging. We have demonstrated that the electrophilic aldehydes 4-hydroxynonenal (4HNE), malondialdehyde, and acrolein are by-products of nonenzymatic lipid peroxidation in the murine MII-stage oocyte, adducting to multiple proteins within the cell. The covalent modification of oocyte proteins by these aldehydes increased with extended periods of time postovulation; the mitochondrial protein succinate dehydrogenase (SDHA) was identified as a primary target for 4HNE adduction. Time-and dose-dependent studies revealed that exposure to elevated levels of electrophilic aldehydes causes mitochondrial reactive oxygen species production, lipid peroxidation, loss of mitochondrial membrane potential, and eventual apoptosis within the MII oocyte, presumably as a consequence of electron transport chain collapse following SDHA adduction. Additionally, we have determined that short-term exposure to low doses of 4HNE dramatically impairs the oocyte's ability to participate in fertilization and support embryonic development; however, this loss of functionality can be prevented by supplementation with the antioxidant penicillamine. In conclusion, this study has revealed that the accumulation of electrophilic aldehydes is linked to postovulatory oocyte aging, causing reduced fertility, oxidative stress, and apoptosis of this highly specialized cell. These data highlight the importance of timely fertilization of the mammalian oocyte postovulation and emphasize the potential advantages associated with antioxidant supplementation of oocyte culture medium in circumstances where reinsemination of oocytes may be desirable (i.e., rescue intracytoplasmic sperm injection), or where in vitro fertilization may be delayed. electrophilic aldehydes, oxidative stress, postovulatory oocyte aging
INTRODUCTION
In mammalian species, timely fertilization of the oocyte following ovulation is crucial for a successful reproductive outcome. In the majority of mammals, biology assures synchrony between the release and interaction of gametes, either as a result of induced ovulation at the time of mating as in rabbits, cats, and camels [1] or receptivity to mating only at the time of ovulation (behavioral estrus), for example, cows [2] . In the case of humans and certain primates, no biological mechanisms are in place to ensure synchrony between intercourse and ovulation, elevating the likelihood that the metaphase II (MII) oocyte will experience degeneration as a consequence of postovulatory aging before meeting with the fertilizing spermatozoon; however, biochemical alterations to both the zona pellucida and oolemma during oocyte degeneration often prevent the occurrence of such in vivo fertilization (reviewed by Lord and Aitken [3] ). Unfortunately, the utilization of assisted reproductive technologies (ART) can encourage postovulatory aging of the oocyte in in vitro culture as well as enable fertilization of these degenerating cells by overriding natural selection mechanisms that would normally prevent the union of defective gametes. In vitro aging of oocytes is particularly problematic in situations where extended periods of in vitro maturation are required (generally in livestock species) prior to in vitro fertilization (IVF). In these situations, a delicate balance exists in that the culture time must be sufficient for nuclear maturation to occur but not so extensive as to instigate in vitro aging [4] . This delicate equilibrium is further complicated by the fact that bovine sperm, for example, take several hours from the initiation of IVF to actually penetrate the oocyte. In a human ART setting, the rapid degeneration of oocytes in in vitro culture means that if fertilization by IVF fails due to a male factor (i.e., lack of zona binding by the spermatozoon), then these oocytes cannot be reinseminated using rescue intracytoplasmic sperm injection (ICSI); thus, the patient must be subjected to a subsequent round of expensive and invasive fertility treatment.
As previously mentioned, postovulatory oocyte aging has a detrimental effect on fertilization rate; however, it also negatively influences embryo quality as well as the health of the resulting offspring [5] [6] [7] . At a molecular level, oocytes exhibit numerous symptoms of aging with extended periods of time following ovulation, including a decline in cell cycle factors required to maintain meiotic arrest [8] and an associated increased susceptibility to spontaneous activation [9] , partial cortical granule exocytosis and zona pellucida hardening [9] [10] [11] [12] [13] , loss of chromosomal and spindle integrity [14] [15] [16] [17] , and also mitochondrial dysfunction [18] [19] [20] [21] . This degenerative process of postovulatory oocyte aging culminates in cell death and exhibits many of the features of apoptosis [7, 22] .
Although the molecular mechanisms controlling postovulatory oocyte aging and apoptosis are not thoroughly understood (reviewed by Lord and Aitken [3] ), oxidative stress has been found to be a key mediator of this process. An elevation in levels of reactive oxygen species (ROS) within the oocyte can be identified following as little as 8 h in vitro culture time and has been directly linked to a decline in fertilization rate and embryo quality [7] , impaired calcium homeostasis [19, 23] , abnormalities in chromosomes and microtubules [24] , and the appearance of apoptotic markers such as fragmentation and activated caspases [7, 25] . The accumulation of ROS within the oocyte is thought to be exacerbated by in vitro culture conditions, for example, increased oxygen tension, exposure to light, and an absence of antioxidant-rich follicular and tubal fluids [26] [27] [28] [29] .
In conjunction with the overproduction of ROS in the aging MII oocyte, an elevation of lipid peroxidation is also observable with increasing periods of time following ovulation [19] . Electrophilic aldehydes such as 4-hydroxynonenol (4HNE), malondialdehyde (MDA), and acrolein are well-known by-products of the nonenzymatic peroxidation of polyunsaturated fatty acids, generally arachidonic and linoleic acids [30] . These aldehydes are highly reactive with histidine, cysteine, and lysine residues on proteins [31, 32] , forming Michael adducts with a hemiacetal structure [33] , which can result in impairment of enzymatic activity and interfere with signaling pathways [32] . Significantly, 4HNE is known to play a key role in inducing subfertility in the male germ cell [34] , and 4HNE has been found to be directly responsible for induction of both mitochondrial ROS generation and apoptosis in the spermatozoon by adducting to the flavoprotein component of the mitochondrial protein succinate dehydrogenase (SDHA), thereby stimulating electron leakage and superoxide generation from the electron transport chain (ETC) at Complex II.
Because oxidative stress and lipid peroxidation are relatively early events in the oocyte aging process in vitro, we hypothesize that the production of electrophilic aldehydes may ensue, initiating an escalating cycle of oxidative stress and apoptotic damage involving the oocyte's mitochondria in a similar fashion to oxidatively stressed spermatozoa [34] . This study therefore aimed to establish the role of electrophilic aldehydes in postovulatory aging of murine oocytes in vitro. Specifically, we have utilized immunocytochemistry and immunoblotting techniques to establish the presence of 4HNE, MDA, and acrolein adducts in the aging oocyte and immunoprecipitation to identify adduction targets. To ascertain the effects of physiological concentrations of electrophilic aldehydes (0-200 lM) on oocyte integrity [35] [36] [37] [38] , MII-stage oocytes have been subjected to 4HNE and acrolein exposure in a time-and dose-dependent manner, and their capacity for fertilization and embryo development, levels of oxidative stress, and apoptotic status assessed.
MATERIALS AND METHODS

Chemicals and Materials
All the chemicals used in this study were purchased from Sigma Aldrich unless otherwise stated. The anti-4HNE antibody was from Jomar Diagnostics (STA-035), the acrolein antibody from Novus Biologicals (NB200-556), and the MDA antibody from Abcam (ab6463). All the fluorescent probes used in this study were obtained from Molecular Probes unless otherwise stated.
Oocyte Retrieval
Three-to four-wk-old C57BL6 x CBA F1 female mice were administered intraperitoneal injections of equine chorionic gonadotropin (eCG) (Intervet), followed 48 h later by human chorionic gonadotropin (hCG) (Intervet) to induce superovulation. MII-stage oocytes were collected at 14 h post-hCG injection and denuded as described previously [7] . The use of animals in this project was approved by the University of Newcastle Animal Care and Ethics Committee, and all the animals were obtained from breeding programs run in the University of Newcastle Central Animal House.
Immunocytochemistry with 4HNE, Acrolein, and MDA Antibodies Following retrieval, oocytes were washed three times in phosphate-buffered saline (PBS) containing 3 mg/ml polyvinylpyrollidone prior to fixation in 3.7% paraformaldehyde for 1 h at room temperature (RT). Fixed oocytes were again washed in PBS/polyvinylpyrollidone before permeabilization with 0.25% Triton-X in PBS for 10 min at RT. Following permeabilization, oocytes were placed in a blocking solution of 3% bovine serum albumin (BSA) in PBS where they remained overnight at 48C. The following day, oocytes were washed in 1% BSA/PBS before a 1 h incubation in anti-4HNE primary antibody (1:200 in 1% BSA/PBS), anti-MDA antibody (1:100 dilution in 1% BSA/PBS), or antiacrolein primary antibody (1:100 in 1% BSA/PBS) at 378C. This incubation step was followed by a 1 h incubation in Alexa Fluor 488 goat anti-rabbit secondary antibody (1:1000 in 1% BSA/PBS; Invitrogen) at 378C. Finally, oocytes were mounted on microscope slides in polyvinyl alcohol (mowiol) and fluorescence was assessed against a secondary antibody-only control using a FV1000 Confocal Microscope (Olympus). A subset of oocytes was also incubated in Mitotracker Red (Molecular Probes) prior to fixation for immunocytochemistry (as per the manufacturer's instructions) to establish any colocalization between these electrophilic aldehydes and the mitochondria.
SDS-PAGE and Western Blot Analysis
Extraction of protein lysates from mouse oocytes was achieved via a 5 min incubation in SDS extraction buffer (2% [w/v] SDS and 10% [w/v] sucrose in 0.1875 M Tris, pH 6.8) containing a protease inhibitor cocktail (Roche) at 1008C to achieve denaturation of secondary and tertiary protein structures. Protein lysates were stored at À208C for no more than 48 h prior to use. Protein extracted from approximately 100 oocytes per treatment was loaded onto a 4%-20% gradient SDS polyacrylamide gel (NuSep) and separated by electrophoresis. Proteins were then transferred onto nitrocellulose membrane using standard Western blot transfer techniques. Nitrocellulose membranes were blocked in 5% skim milk in Tris (0.02 M) and NaCl (0.15 M) TBS containing 0.1% Tween (TBST) at RT for 1 h prior to incubation with anti-4HNE primary antibody (1:500), anti-acrolein antibody (1:1000), or anti-MDA antibody (1:2000) in 1% skim milk in TBST. Immunoblots remained in primary antibody solution overnight at 48C and were washed three times in TBST before a 1 h incubation in goat anti-rabbit horseradish peroxidase-conjugated immunoglobulin G secondary antibody (1:1000 dilution in 1% skim milk in TBST). Nitrocellulose membranes were developed using an enhanced chemiluminescence kit (GE Healthcare) as per the manufacturer's instructions. Densitometric analysis was conducted using the public sector image-processing program Image J (version 1.45S; National Institutes of Health), and values were normalized to the loading control (tubulin).
Immunoprecipitation of 4HNE
Immunoprecipitation was utilized to identify proteins that were covalently modified by 4HNE within the oocyte. Ten micrograms of 4HNE antibody was cross-linked with Protein G Dynabeads (Life technologies) using 2 mM 3,3-dithiobis-sulfosuccinimidyl propionate as per the manufacturer's instructions. The 4HNE-bound Dynabeads were then resuspended in 2 lg oocyte protein lysate that had been precleared of any nonspecific binding partners via a 1 h incubation with unbound Protein G Dynabeads (48C). Extraction of oocyte protein (while still maintaining protein-protein interactions) was achieved via a 2 h incubation in CHAPS lysis buffer (10% glycerine, 10 mM CHAPS, 10 mM HEPES in distilled water) at 48C with constant rotation. Coincubation of 4HNE-bound Dynabeads and precleared oocyte lysate was conducted overnight with constant rotation. Following this, antibody-antigen-bound beads were washed three times in PBS before being resuspended in SDS loading buffer-0.2% (w/v) SDS, 50% (v/v) 0.375 M Tris, 10% (w/v) sucrose, 4% (v/v) bmercaptoethanol, and 0.001% bromphenol blue-and incubated at 1008C for 5 min to elute proteins. The eluted protein was loaded onto a 4%-20% gradient gel along with the following controls: 1 lg 4HNE antibody, elution from Dynabeads used for the preclearing step, Dynabeads-only control, and a wash control containing lysis buffer that was used to wash the Dynabeads following cross-linking with 4HNE antibody (see Supplemental Fig. S1 , available online at www.biolreprod.org). Gel electrophoresis, Western blot transfer, and probing of the nitrocellulose membrane were conducted as described above.
Oocyte Aging and Treatment with Electrophilic Aldehydes
Oocytes undergoing in vitro aging without 4HNE/acrolein treatment remained in 20 ll droplets of M2 medium under mineral oil for 1, 8, or 24 h at 378C under gas (5% O 2 and 6% CO 2 in N 2 ). Subsets of oocytes were also aged for 8 or 24 h in vitro (equates to 22 and 38 h post-hCG, respectively) in the presence of 4HNE (Cayman Chemicals) or acrolein at physiological concentrations of 0, 50, 100, or 200 lM in M2 medium [35] [36] [37] [38] . At each time point, oocytes were subjected to a series of fluorometric assays (described below) to ascertain their oxidative and apoptotic status.
Identifying Oxidative Stress and Apoptosis Relating to 4HNE and Acrolein Exposure
MitoSox Red (MSR) was used to detect mitochondrial ROS production within the oocyte, while 5
(DFF-DA) was used to detect H 2 O 2 and peroxynitrite. Levels of lipid peroxidation were determined using the BODIPY C11 probe. The onset of apoptosis was identified using a FAM FLICA Poly Caspases Assay Kit (Immunochemistry Technologies) to identify caspase activation and a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (Roche) to identify DNA fragmentation resulting from apoptosis. An associated loss of mitochondrial membrane potential was determined using the JC-1 probe by monitoring the red/green fluorescence ratio. At each analyzed time point, oocytes were incubated with the desired fluorometric probe for 30 min and washed three times in M2 medium before mounting for analysis using a Zeiss Axioplan 2 fluorescence microscope (Carl Zeiss MicroImaging Inc.). Fluorescence levels exhibited by oocytes were quantified by pixel intensity analysis using Image J, and values were normalized to the untreated control for graphical representation and statistical analyses.
IVF
In order to assess the effects of 4HNE accumulation within the oocyte on fertilization potential and subsequent embryo development, oocytes were exposed to 0, 50, 100, or 200 lM 4HNE in M2 medium for 1.5 h prior to IVF, which was conducted as described previously [7] . Additionally, oocytes were exposed to 100 lM 4HNE (the lowest concentration that was found to significantly decrease both fertilization rate and embryo formation rate within 1.5 h) in the presence of penicillamine (250 lM, 500 lM, or 1 mM) prior to IVF to assess any counteraction of the negative effects of 4HNE by this antioxidant. In order to confirm that the beneficial effects of penicillamine were due to intracellular reaction with cytotoxic aldehydes rather direct adduction of the added 4HNE, this experiment was repeated using a transient 4HNE exposure protocol. Following selection of 1 mM as the optimal concentration of penicillamine, this compound was incorporated into oocyte culture medium following a limited exposure to 4HNE. Oocytes were exposed to 100 lM 4HNE for 1.5 h, washed three times in M2 medium, and then placed in M2 medium or M2 medium containing 1 mM penicillamine for 3 h prior to IVF. An untreated control and penicillamine-only control were also included (penicillamine alone had no effect on fertilization rate or embryo formation rate when compared to untreated controls).
Oocytes were assessed at 4 h postinsemination for signs of fertilization, namely formation of pronuclei and extrusion of the second polar body. Additionally, at 24 h following IVF, the percentage of 2-cell embryos formed within each treatment category was assessed. On the morning of Days 3 and 5, the percentage of 4-cell and blastocyst formation, respectively, was also assessed in penicillamine/4HNE experiments. Values are represented normalized to the untreated control (control value set at 100%).
Statistical Analyses
All the experiments were conducted at least three times on independent samples, and the results were analyzed by ANOVA using JMP version 9.0.0. A post hoc comparison of group means was conducted using a Fisher protected least significant difference test. Analysis of paired samples was conducted using a paired Student t-test. A value of P , 0.05 was considered to be statistically significant.
RESULTS
Aging Oocytes Experience an Accumulation of Electrophilic Aldehydes
In order to establish whether electrophilic aldehydes are produced in the MII-stage oocyte as a result of lipid peroxidation and subsequently whether these electrophiles play a role in postovulatory aging, immunocytochemistry and immunoblotting techniques were utilized. Analysis by immunocytochemistry identified 4HNE, acrolein, and MDA within the oocyte at 15 h post-hCG (1 h in vitro culture) with fluorescence associated with these antibodies being detected A) The presence of the electrophilic aldehydes 4HNE, acrolein, and MDA within the MII-stage oocyte was determined using immunocytochemistry, which revealed fluorescence associated with these antibodies distributed throughout the ooplasm (representative images 3 provided). B) Western blot analysis of oocyte lysates revealed that 4HNE, acrolein, and MDA covalently modify multiple proteins within the oocyte. The primary target for adduction by 4HNE, acrolein, and MDA was a 70 kDa protein(s), whilst acrolein and MDA adduction was also prominent in a high molecular weight protein(s) of .170 kDa. Tubulin shown as control. Independent replicates were conducted with a minimum of 100 oocytes per replicate. Bar ¼ 50 lm.
ELECTROPHILIC ALDEHYDES AND POSTOVULATORY AGING throughout the ooplasm at levels visibly higher than the secondary antibody-only control (Fig. 1A) . Western blot analysis confirmed adduction of 4HNE, acrolein, and MDA to multiple proteins within lysates retrieved from these oocytes (Fig. 1B) . The primary target for covalent modification by all three aldehydes was a protein(s) of 70 kDa, whilst acrolein and MDA were also found to adduct to a high molecular weight protein(s) of .170 kDa in size. Importantly, covalent modification by 4HNE, acrolein, and MDA appeared to become more prevalent in protein lysates from oocytes that had been aged for 24 h in vitro (Fig. 2, A-C, respectively) . A visible increase in the intensity of the 70 kDa band was detected in aged oocyte lysates above fresh oocyte lysates and was confirmed using densitometric analysis normalized to the tubulin loading control (4HNE, P , 0.001; acrolein, P , 0.01; MDA, P , 0.001). Furthermore, the global adduction of proteins, including to the .170 kDa protein(s), by 4HNE, acrolein, and MDA visibly increased in intensity with postovulatory age.
Electrophilic Aldehyde Exposure Causes Oxidative Stress and Apoptosis in the MII Oocyte
Because the extended culture of MII oocytes in vitro is associated with oxidative stress, lipid peroxidation, and the onset of apoptosis [7, 19] , we next determined whether these pathological changes might be precipitated by the timedependent accumulation of electrophilic aldehydes demonstrated within the oocyte. Both 4HNE and acrolein were utilized to assess the time-and dose-dependent effects of electrophilic aldehyde exposure, using doses of 0, 50, 100, and 200 lM at 8 and 24 h (as well as a 1 h untreated control). Importantly, the selected doses coincide with the predicted physiological ranges of these compounds: 10 lM-5 mM for [36] [37] [38] . Additionally, the selected time points correspond with a previous study conducted by our research group [7] that detected an elevation in ROS levels following only 8 h in vitro culture in untreated C57Bl6 x CBA oocytes that was exacerbated and accompanied by indicators of apoptosis at 24 h.
In conjunction with previous studies that depict lipid peroxidation as an identifiable characteristic of in vitro aging, levels of fluorescence associated with the BODIPY C11 probe were elevated at both 8 h (P , 0.001) and 24 h (P , 0.001) in untreated MII-stage oocytes (Fig. 3A) . This lipid peroxidation was exacerbated in a dose-dependent manner by the presence of both 4HNE and acrolein. BODIPY C11 fluorescence was significantly elevated above control values following 8 h of 100 and 200 lM 4HNE treatment (both P , 0.01) and 200 lM acrolein treatment (P , 0.05) (Fig. 3B) . Following 24 h of exposure, a significant elevation in lipid peroxidation above the untreated control could again be identified within both 100 and 200 lM 4HNE treatments (both P , 0.01), whilst a prominent time-dependent elevation in BODIPY C11 fluorescence could be identified in acrolein-treated oocytes, found to be significantly elevated from the control at all concentrations tested (P , 0.05) (Fig. 3, C and D) . Similarly, levels of mitochondrial ROS production were found to be increased in untreated oocytes following both 8 h (P , 0.01) and 24 h (P , 0.01) of in vitro culture as a consequence of postovulatory aging (Fig.  3E ). This mitochondrial ROS production was further exacerbated in the presence of the highest dose of both 4HNE (P , 0.01) and acrolein (P , 0.05) for 8 h (Fig. 3F) and by 100 lM (P , 0.05) and 200 lM (P , 0.001) 4HNE and all doses of acrolein (P , 0.01) for 24 h (Fig. 3, G and H) . Pixel intensity values associated with MSR fluorescence again demonstrated a visible time-dependent increase within oocytes exposed to elevated levels of electrophilic aldehydes. Finally, the DFF-DA fluorescent probe further confirmed a significant time-dependent increase in ROS levels within untreated oocytes undergoing postovulatory aging at both 8 h (P , 0.05) and 24 h (P , 0.01) (Fig. 3I) . Again, ROS production was found to be elevated above controls following 8 h 4HNE (100 lM, P , 0.05; 200 lM, P , 0.01) and acrolein (200 lM, P , 0.05) exposure (Fig. 3J) and further exacerbated following 24 h exposure to both compounds (100 lM 4HNE, P , 0.01 and 200 lM 4HNE, P , 0.001; all doses acrolein, P , 0.01, P , 0.01, and P , 0.001 respectively) (Fig. 3, K and L) .
In addition to stimulating oxidative stress; exposure of oocytes to the electrophilic aldehydes 4HNE and acrolein resulted in an accelerated onset of apoptosis and an associated loss of mitochondrial membrane potential. In accordance with previously published literature [7] , levels of caspase activation within untreated oocytes increased in a time-dependent manner as a result of apoptosis associated with postovulatory aging (P , 0.01) (Fig. 4A) . Apoptosis was accelerated in these oocytes in a time-and dose-dependent fashion in response to electrophilic aldehyde treatments. Oocytes treated with 200 lM 4HNE/acrolein for 8 h (P , 0.05 and P , 0.01 respectively) (Fig. 4B ) and higher doses (100 and 200 lM) of both 4HNE (P , 0.001) and acrolein (P , 0.05 and P , 0.01, respectively) for 24 h exhibited significantly elevated levels of fluorescence relating to caspase activation when compared to untreated controls (Fig. 4, C and D) . Analysis of DNA fragmentation relating to apoptosis using the TUNEL assay revealed a similar trend. In untreated oocytes, fluorescence associated with DNA fragmentation was significantly elevated at 24 h due to apoptosis associated with postovulatory age (P , 0.01) (Fig. 4E) . Exposure to 200 lM of both 4HNE and acrolein as well as 100 lM 4HNE significantly elevated levels of TUNEL fluorescence in oocytes above control values following 24 h of culture (P , 0.001, P , 0.05, and P , 0.05, respectively) (Fig. 4, F-H) . Finally, a loss of mitochondrial membrane potential within oocyte populations also accompanied at both 8 h (P , 0.01) and 24 h (P , 0.01) of in vitro culture (Fig. 4I) and was exacerbated by 8 and 24 h exposure to 100 lM (P , 0.001) and 200 lM of 4HNE (P , 0.001, P , 0.05) and acrolein (P , 0.001) (Fig. 4, J-L) . Further confirmation that these electrophilic aldehydes were inducing apoptosis (rather than necrosis) within the oocyte was achieved via morphological analysis, which revealed shrinking of the cytoplasm in aldehyde-treated oocytes when compared to untreated controls as well as apoptotic body formation (Fig.  4M) .
As we have demonstrated, postovulatory oocyte aging is associated with elevated levels of lipid peroxidation and ROS production followed by the onset of apoptosis characterized by caspase activation, DNA fragmentation, and a loss of mitochondrial membrane potential. The time-dependent increase in levels of protein modification by endogenous electrophilic aldehydes in the in vitro cultured oocyte (depicted in Fig. 2 ) may be directly linked with these biochemical changes because exposure to elevated levels of both 4HNE and acrolein exacerbated oxidative stress within MII oocytes and accelerated entry into apoptosis.
4HNE Stimulates Mitochondrial ROS Production in the Oocyte by Adducting the Mitochondrial Protein SDHA
We next aimed to ascertain whether electrophilic aldehydes may be covalently binding to the mitochondrial protein SDHA within the oocyte, stimulating the observed ROS production and the subsequent onset of postovulatory aging and apoptosis via dysfunction of the ETC as has been described in the spermatozoon [34] . Western blot analysis revealed that the 70 kDa band corresponding to SDHA colocalizes with the primary target for 4HNE, acrolein, and MDA adduction in oocyte lysates (Fig. 5A) . In order to confirm a covalent modification of SDHA, immunoprecipitation experiments were performed using anti-4HNE antibody. The 4HNE-modified proteins were pulled down from oocyte lysates using 4HNE antibody-bound beads, and the presence of SDHA within this subset of proteins was confirmed via Western blot analysis, clearly displaying a 70 kDa band corresponding to SDHA in the elution (Fig. 5B) . Further to these findings, immunocytochemistry analyses on untreated oocytes subjected to 8 h in vitro culture demonstrated a distinct colocalization between 4HNE-associated fluorescence and the mitochondria as detected by Mitotracker red (Fig. 5C ). Together these results suggest that increasing levels of covalent modification of the mitochondrial flavoprotein SDHA by 4HNE during in vitro aging of the oocyte may cause dysfunction of the ETC, resulting in the observed increase in ROS production/lipid peroxidation and eventual apoptosis that occur throughout postovulatory aging.
Low-Dose 4HNE Exposure Impedes Fertilization and Embryo Competency
Finally, we explored the effects of short-term exposure to the cytotoxic aldehyde 4HNE on the functionality of the oocyte in terms of its capacity to participate in fertilization and generate a viable embryo. Oocytes exposed to the higher doses of 4HNE (100-200 lM) for only 1.5 h prior to insemination exhibited a significant reduction in fertilization rate when compared to untreated controls (100 lM, P , 0.01; 200 lM, P , 0.05) (Fig. 6A) . Additionally, exposure to all doses of 4HNE ELECTROPHILIC ALDEHYDES AND POSTOVULATORY AGING
FIG. 3. Exposure of MII-stage oocytes to elevated levels of 4HNE and acrolein instigates oxidative stress in a time-and dose-dependent manner. A-D)
Analysis of levels of lipid peroxidation using the fluorescent probe BODIPY C11 revealed a time-dependent elevation in fluorescence in untreated MIIstage oocytes and a time-and dose-dependent elevation in fluorescence resulting from both 4HNE and acrolein exposure that achieved statistical significance at higher doses (100 and 200 lM) of 4HNE and all doses of acrolein. E-H). Similarly, mitochondrial ROS production was found to be elevated in untreated oocytes with increasing periods of in vitro culture time, whilst 4HNE and acrolein treatment significantly increased levels of mitochondrial LORD ET AL.
(50, 100, and 200 lM) resulted in a dose-dependent reduction in the percentage of oocytes capable of developing into 2-cell embryos (P , 0.05, P , 0.001, and P , 0.001, respectively) (Fig. 6B) . These data suggest that the accumulation of 4HNE shown to occur throughout in vitro aging of the murine oocyte may be directly linked to the observed decline in fertilization rate and inability to produce high-quality embryos. Importantly, the negative effects of 4HNE on oocyte functionality could be counteracted by supplementation with the antioxidant penicillamine, a compound known to directly react with 4-HNE [39] . Oocytes exposed to 100 lM 4HNE for 1.5 h prior to insemination experienced a dose-dependent improvement in both fertilization rate (P , 0.001) (Fig. 6C ) and 2-cell embryo formation rate (P , 0.01) (Fig. 6D ) if they were cotreated with penicillamine (250, 500, or 1000 lM) during this incubation time. In order to further confirm that penicillamine can significantly improve the ability of the 4HNE-compromised oocyte to support embryo development, 4HNE-treated oocytes were again cotreated with the most effective dose of penicillamine (1 mM) or treated with penicillamine for 3 h post-4HNE treatment before IVF and embryo culture to the blastocyst stage. Both cotreatment and post-4HNE treatment with penicillamine significantly elevated levels of 2-cell (P, 0.001 and P, 0.05, respectively), 4-cell (P, 0.01 and P, 0.05), and blastocyst (P, 0.001 and P, 0.05) formation from 4HNE-compromised oocytes. The improvement in embryo formation rate of oocytes treated with penicillamine post-4HNE treatment confirms that this antioxidant does react intracellularly rather than just directly adducting to exogenous 4HNE within the cotreatment media.
DISCUSSION
Postovulatory aging of the mammalian oocyte in vitro has been shown to be implicitly linked with both oxidative stress [3, 7] and lipid peroxidation [19] . Although electrophilic aldehydes such as 4HNE are well-characterized products of nonenzymatic lipid peroxidation, the role of these compounds in postovulatory aging and subsequent apoptosis has not yet been established. Electrophilic aldehydes have the capacity to irreversibly alter several important intracellular components, including proteins and DNA (reviewed by Perluigi et al. [40] ), as well as exacerbate oxidative stress within the cell [34] ; thus, these molecules have the potential to severely affect the functionality of the oocyte. Certainly, an accumulation of electrophilic aldehydes could be linked with the deterioration in quality observed in oocytes with increasing postovulatory age.
Our data has demonstrated that 4HNE, MDA, and acrolein are indeed products of lipid peroxidation within the oocyte and covalently modify multiple protein targets within this cell. Interestingly, these electrophilic aldehydes were established to be present even in recently ovulated MII-stage oocytes, suggesting that accumulation of these cytotoxic compounds may also occur within the ovary prior to ovulation. As hypothesized, a distinct accumulation of 4HNE-, acrolein-, and MDA-modified proteins was observed in the postovulatory oocyte as a consequence of in vitro aging, a phenomenon that has also been associated with aging in other tissue types [41] . The accumulation of aldehydes with postovulatory age observed in this study complements previously published reports of elevated levels of ROS [7] and lipid peroxidation [19] in the oocyte with extended periods of in vitro culture time. Indeed, these phenomena were again observed within the confines of the current study, with levels of MSR and BODIPY C11 increasing in a time-dependent manner in untreated in vitro cultured oocytes. Although the antioxidant glutathione (GSH) is abundant within the ooplasm, and is known to provide an effective defense against compounds such as 4HNE within the cell by binding of the electrophile to the cysteine residue (reviewed by Perluigi et al. [40] ), the MII-stage oocyte becomes depleted of GSH with increasing amounts of time following ovulation [42, 43] , thus explaining the observable accumulation of both 4HNE and ROS within this cell.
Time-and dose-dependent exposure of oocytes to both 4HNE and acrolein revealed that an accumulation of electrophilic aldehydes with postovulatory age could certainly be responsible for numerous pathologies previously identified to be associated with the aged phenotype. It is important to emphasize that the doses of 4HNE and acrolein used in these experiments are within the range of concentrations expected to be achieved during a state of oxidative stress. While the resting concentration of these electrophilic aldehydes is thought to be 5-10 lM for 4HNE [35] and 30-50 lM for acrolein [36, 38] , at times of oxidative stress, these concentrations are thought to increase to as high as 5 mM [35] and 180 lM [36] , respectively. We have observed that exposure of the oocyte to elevated levels of exogenous 4HNE (100-200 lM) and acrolein (50-200 lM) causes a propagation of ROS production and lipid peroxidation, eventually leading in a loss of mitochondrial membrane potential, activation of caspases, and DNA fragmentation related to apoptosis. The ability of acrolein to propagate ROS production and lipid peroxidation at a lower concentration than that seen with 4HNE is likely attributed to the fact that acrolein is the strongest electrophile of the a,b-unsaturated aldehydes and demonstrates the highest reactivity with nucleophiles such as proteins [44] . Following from this, the proposed mechanism by which these electrophilic aldehydes elicit the aforementioned effects on oocyte biochemistry is thought to be via covalent modification of the mitochondrial flavoprotein SDHA, as demonstrated by colocalization and immunoprecipitation analyses. Michael addition reactions of 4HNE with other mitochondrial proteins, such as cytochrome c oxidase [45] and mitochondrial ATPase [46] , has been demonstrated to stimulate ROS production in other cell types, while adduction to SDHA has been shown to be responsible for increased ROS production in the spermatozoon [34] . Covalent modification of SDHA within the oocyte's mitochondria likely results in autooxidation and subsequent transference of electrons to oxygen rather than to coenzyme Q [47] . This stimulation of ROS production would initiate an escalating cycle of lipid peroxidation, electrophilic aldehyde formation, and free radical generation, resulting in oxidative stress (diagrammatically represented in Fig. 7 ), which would, 3 ROS production above the control in a dose-dependent manner at both 8 h and 24 h as determined by the fluorescent probe MSR. I-L) An elevation in ROS levels within the oocyte was further confirmed using the fluorescent probe DFF-DA, which depicted a significant elevation in levels of fluorescence with time in untreated oocytes and in a time-and dose-dependent manner following 4HNE and acrolein exposure. Images accompanying the histograms depict a representation of untreated oocytes at 1 h and oocytes treated with 200 lM 4HNE or acrolein for 24 h for each fluorescent probe utilized. Bar ¼ 50 lm. Mean 6 SEM values are plotted in the histograms. Independent replicates were conducted with a minimum of 100 oocytes per replicate; *P , 0.05, **P , 0.01, ***P , 0.001. in turn, precipitate the onset of apoptosis in the MII-stage oocyte [7, 25] .
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In addition to its role in directing the oocyte into an apoptotic pathway during postovulatory aging, we have also established a direct link between electrophilic aldehyde accumulation and a decline in functionality of the oocyte in terms of its capacity to participate in fertilization and support embryo development. Short-term exposure (1.5 h) to only low levels of 4HNE was found to severely impair the functionality of the oocyte long before the appearance of apoptotic markers. The observed reduction in fertilization rate associated with 4HNE exposure is likely to be directly linked to an associated elevation in lipid peroxidation within the oolemma; increasing membrane rigidity [48] and interfering with sperm-oolemma fusion. Impairment of the oocyte's capacity to support embryo development, as represented by a significant decline in the percentage of 2-cell embryo formation associated with shortterm exposure to low levels of 4HNE (50 lM), and a prominent loss of developmental potential associated with exposure to higher levels of 4HNE (100 and 200 lM) is likely attributed to interference with multiple intracellular components by accumulated aldehydes. Firstly, actin is known to be a particularly vulnerable target for covalent modification by 4HNE [49] , with any impairment in actin functionality having the capacity to interrupt several crucial postfertilization events such as spindle rotation, polar body formation, and pronuclear 3 exposure, with levels of TUNEL fluorescence being significantly elevated above untreated controls following 24 h exposure to 4HNE and acrolein. I-L) Finally, a time-dependent loss of mitochondrial membrane potential, as determined by the JC-1 assay, was identified in populations of untreated oocytes subjected to in vitro aging. Loss of mitochondrial membrane potential was further exacerbated by exposure to elevated levels of electrophilic aldehydes for 8 and 24 h. M) Following 24 h electrophilic aldehyde treatment, oocytes exhibited morphological characteristics of apoptosis, such as shrinking of the cytoplasm and apoptotic body formation. Images accompanying each histogram depict a representation of untreated oocytes at 1 h and oocytes treated with 200 lM 4HNE or acrolein for 24 h for each fluorescent probe utilized. Bar ¼ 50 lm. Mean 6 SEM values are plotted in the histograms. Independent replicates were conducted with a minimum of 100 oocytes per replicate; *P , 0.05, **P , 0.01, ***P , 0.001.
FIG. 5. 4HNE
stimulates ROS production in the aging oocyte by adducting to the mitochondrial protein SDHA. A) Western blot analysis revealed that the 70 kDa protein SDHA colocalizes with the main target for 4-HNE, acrolein, and MDA adduction within MII-stage oocyte lysates, suggesting that covalent modification of this protein may be the mechanism underlying aldehyde-induced ROS production and apoptosis. B) Oocyte proteins covalently modified by 4HNE were isolated using immunoprecipitation (IP), and the 70 kDa SDHA protein was identified within the anti-4HNE IP elution using Western blot analysis, confirming the adduction of 4HNE to this mitochondrial flavoprotein. C) Additionally, immunocytochemistry analyses revealed that a portion of fluorescence associated with the 4-HNE antibody (green) colocalizes with the oocytes mitochondria (Mitotracker red). Bar ¼ 50 lm.
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FIG. 6. Short-term exposure of the oocyte to 4HNE prior to insemination significantly impairs the ability of the cell to support fertilization and embryo development but can be reversed by the antioxidant penicillamine. A) Oocytes exposed to higher doses of 4HNE (100-200 lM) for 1.5 h experienced a significant decline in fertilization rate at 3 h postinsemination. B) Additionally, short-term exposure to all doses of 4HNE resulted in a dose-dependent reduction in the formation of 2-cell embryos at 24 h postinsemination when compared to untreated controls. C, D) Coincubation with the antioxidant penicillamine (250 lM-1 mM) throughout the 100 lM 4HNE treatment reversed the negative effects of this electrophile on fertilization rate and improved migration [50] . Furthermore, 4HNE has the capacity to reduce levels of intracellular calcium [23] and disrupt calcium homeostasis [44] . Aberrant calcium oscillations at the time of fertilization are known to trigger apoptosis rather than initiate a developmental pathway, as has been demonstrated in both aged and oxidatively stressed oocytes, which exhibit calcium oscillations with reduced amplitude and increased frequency compared with freshly ovulated oocytes, culminating in embryo fragmentation [19, 23] . Finally, electrophilic aldehydes such as 4HNE and acrolein also have the ability to irreversibly damage DNA within the cell [51, 52] , with elevated levels of DNA damage in the zygote potentially preventing continuation of the cell cycle past the G 1 checkpoint, resulting in developmental arrest at the 1-cell stage of development and likely entry into apoptosis [53] . Importantly, these data suggest that the demonstrated accumulation of electrophilic aldehydes during in vitro aging may be directly linked to multiple insufficiencies acquired with increasing time postovulation, cumulatively resulting in a reduced capacity to produce viable embryos.
At this juncture, is important to consider that electrophilic aldehydes, particularly acrolein, are toxicants that can exist within the environment (e.g., herbicides or compounds formed during combustion of organic materials) [54] , and that are present at high levels within cigarette smoke [37] . Cigarette smokers in particular are predicted to have elevated levels of systemic acrolein [37, 55] , presenting a potential risk for oocyte damage within the ovary prior to ovulation. Certainly, toxicants within cigarette smoke are known to cause follicle depletion and oocyte apoptosis in antral follicles, whilst surviving oocytes exhibit elevated levels of mitochondrial ROS production and lipid peroxidation, along with a reduced capacity to participate in fertilization [56] . The commonality between these pathologies and those demonstrated in our acrolein dose-and time-dependent studies in vitro (Figs. 3 and  4) , as well as the demonstrated presence of acrolein adducts in 3 2-cell formation rate in a dose-dependent manner. E) Treatment with 1 mM penicillamine throughout 4HNE treatment or for 3 h post-4HNE treatment (100 lM) significantly improved the oocyte's capacity to support embryo development to the 2-cell, 4-cell, and blastocyst stages. Mean 6 SEM values are plotted in the histograms. All the values are normalized to the untreated control (control value set at 100%). Independent replicates were conducted with a minimum of 80 oocytes per replicate; *P , 0.05, **P , 0.01, ***P , 0.001.
FIG. 7.
Proposed role of electrophilic aldehydes in postovulatory oocyte aging. With increasing amounts of time from ovulation (.10 h), the MII-stage oocyte experiences a depletion of antioxidant protection by way of GSH stores and an accumulation of ROS, resulting in oxidative stress. As a result of increased levels of ROS, lipid peroxidation occurs, generating harmful electrophilic aldehydes such as 4HNE. These electrophilic aldehydes covalently modify the mitochondrial flavoprotein SDHA, affecting the functionality of the ETC and causing further ROS production. This self-perpetuating cycle directly affects the functionality of the oocyte, impairing its capacity to support fertilization and embryo development and culminates in oxidative stressdriven initiation of an apoptotic cascade.
ELECTROPHILIC ALDEHYDES AND POSTOVULATORY AGING freshly ovulated oocytes (Fig. 1) , suggest that exposure to elevated levels of acrolein through cigarette smoke may be directly linked with compromises in female fertility.
Finally, when considering the irreversible nature of damage inflicted by endogenously produced electrophilic aldehydes within the oocyte during postovulatory aging in vitro, it would clearly be beneficial to prevent the accumulation of these compounds, particularly in an assisted reproduction setting where oocytes may be exposed to extended periods of in vitro culture time before fertilization by IVF or ICSI. Previous research has indicated that various antioxidants (GSH reductase, peroxiredoxin, catalase) are capable of reducing levels of lipid peroxidation products, such as 4HNE, when supplemented into culture medium [57, 58] . Our study has shown that the reactive thiol, penicillamine [39] , can counteract the negative effects of 4HNE exposure on oocyte functionality, improving fertilization rate and embryo formation rate following 4HNE exposure, making this antioxidant a promising candidate for preventing degeneration of oocytes as a result of endogenously produced aldehydes when supplemented into culture medium in an in vitro setting. Certainly, supplementation of oocyte culture medium with melatonin, an antioxidant compound known to counteract lipid peroxidation [59] , has been previously demonstrated to delay the onset of fragmentation and caspase activation during postovulatory aging in vitro as well as extend the optimal window for fertilization and improve quality of embryos resulting from oocytes that have been exposed to extended periods (8-16 h) of in vitro culture time [7] . It is possible that a combination of antioxidant agents capable of minimizing lipid peroxidation as well as neutralizing electrophilic aldehydes may provide a methodology for greatly prolonging the window for vitality of MII-stage oocytes awaiting insemination.
In conclusion, this study has demonstrated that in vitro aging of the MII-stage oocyte postovulation is associated with an accumulation of cytotoxic electrophilic aldehydes. We propose that this accumulation of aldehydes is a component of an escalating cycle involving ROS production, lipid peroxidation, and subsequent aldehyde formation that results in a state of oxidative stress in the aging oocyte, eventually triggering an intrinsic apoptotic cascade. We have found that electrophilic aldehydes such as 4HNE can covalently modify the mitochondrial protein SDHA within the oocyte, providing one potential mechanistic link between the accumulation of 4HNE and mitochondrial ROS production observed with postovulatory aging. Additionally, we have demonstrated that the decreased capacity for fertilization and embryo formation observed in aging oocytes may be directly linked with electrophilic aldehyde accumulation. This research emphasizes the importance of timely fertilization of the oocyte postovulation and, furthermore, highlights the beneficial nature of antioxidant supplementation of oocyte culture medium in circumstances where IVF may be delayed (e.g., livestock ART) or where reinsemination of oocytes may be advantageous following a failure to fertilize by IVF (i.e., rescue ICSI).
